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A METHOD AND APPARATUS FOR THE PRODUCTION OP HBTAX, 

COMPOUNDS 

Field of the Invention 

The present invention relates to a method and 
apparatus for the production of metal and metal compounds 
and, particularly, but not exclusively, to a method and 
apparatus for production of titanium-based alloys and 
intermetallic complexes, and more particularly, but not 
exclusively, to a method and apparatus for the production 
of titans-aluminium based alloys and intermetallic 
complexes, and more particularly, but not exclusively, to 
a method and apparatus for the production of titanium- 
aluminium based alloys and intermetallic complexes in a 
15 powder form. 

Background of the Invention 

Titanium-aluminium alloys and inter-metallic 
compounds (generically termed herein "titanium-aluminium 
compounds-) are very valuable materials. However, they 
are difficult and expensive to prepare, particularly in 
lilfr f0rm • of preparation 

IZlt le T ° f thSSe materlalS ' — though they have 
highly desirable properties for use in areas such as 
automotive, aerospace and others. 

Titanium minerals are found in the form of a very 
stable oxide (TiO,) . Common processes for the productTon 

^oT: ^ 10:011 P ™ « ^ Hunter process. 
The Kroll process requires the use of magnesium as a 
reducono agent to reduce TiCl 4 (prepared from the oxide by 
a Pre-process of chlorination) to producs the Ti metal. 
The Hunter prccess requires the use of sodium as the 
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stfoi 9 h a9 .f " ******* TiCU 18 St±11 ^dynamically 
stable hxobly reactive reducing agents such as magnesium 
or sod,.^. are required to produce titanium metal out of 

Such highly reactive reducing agents are difficult 
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and expensive to handle. As the magnesium chlorides in 
the case of the Kroll process are stable up to 
temperatures in excess of 1300 K, the product is often in 
the form of a Ti sponge mixed with MgCl a and remnants of Mg 
5 and TiCl a . to obtain pure Ti, the product requires 

extensive post -processing, including washing and melting 
xn a vacuum are furnace to remove all impurities. This 
contributes to the present high cost of the production of 
titanium. 

10 According to existing technologies for production of 

titanium alloys such as Ti-Al-V, and intermetallic 
compounds such as T13A1, TiAl, T1A13, Ti-Al-(Cr, Nb, Mo, 
etc) and alloys based on these compounds, aponges or 
ingots of the required metals in appropriate amounts are 

15 melted together, hence adding to the production cost. For 
production of powder of these titanium alloys and 
intermetallic compounds, further processing is usually 
required, further compounding the already high production 
cost: • 

20 pnor Al based processes for manufacturing of Ti-Al 

compounds include starting from Al powder and Ti powder 
(references: (l. LUf M.O. Lai and F.H. Frees. JOM, Feb 2002 
P62 and (H. Bertolino et al., Intermetallics, vol 11, 2003 
P 41) and reduction of T1C1U1 with A1C1 (OS patent 
2B application US2QO2/0l8* 9 7i Al) . For the first process 
where starting materials are Al and Ti powders, the 
powders are usually mechanically milled to make a uniform 
mature followed by heating in a furnace. The resulting 
materxals are at best in the form of solid lumpa and this 
process is usually unable to produce fine powder 
Furthermore, the resulting compounds often require heat 
treatment to produce the required material properties. For 
the second process, Al metal is heated in the presence of 
° h ^V fc ^rature around 1200 t to produce gaseous 
A1C1 that xs then reacted with Ticl, in the gas phase to 
produce powders of titanium aluminides. Both these 
processes are quite complex and costly. 
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Over the past several decade*, there have been 
extensive attempts made to replace the existing Kroll and 
Hunter technologies using techniques such as 
electrowinning. plasma-hydrogen and also aluminothermio 
reduction . 

Attempts have been made to use hydrogen plasma for 
reduction of titanium chloride in a plasma atmosphere, as 
possible replacement of the existing Kroll and Hunter 
processes. However, reduction of TiCl 4 by hydrogen is 
difficult due to unfavourable thermodynamic 
characteristics, as chlorine preferably reacts with 
titanium in the reverse reaction to produce titanium 
chlorides, hence degrading the quality of the produced Ti 
powder and limiting the efficiency of the hydrogen plasma 
route, in a recent process disclosed in as patent 
5,935,293, a fast quench reactor was used to cool down the 
Plasma xn order to prevent recombination processes leading 
to formation of titanium chlorides. According to the 
description in US patent (5,935,293). the process is 
highly energy expensive relative to the existing Kroll 
technology. 

in a more recent process «3.z. Chen, B.j. p r a y and 

H IT^' Nature ' ^ 407 (200O) 361) ' <* 

made titanium sponge directly f r0 m the oxide by reduction 
in a molten calcium chloride salt, oxygen from the 
txtanium oxide recombines with carbon at an anode to form 
CO a . The composition of the titanium sponge produced 
corresponds to the composition of the starting minerals. 
The process xs yet to be demonstrated on an industrial 
scale . 

Attempts have been made to use aluminium as a 
reducing agent for Ti C l 4 in plasma systems. For reduction 

of 1 soLTt 9 alUminiUm ' th * would be in the form 

of a solid phase titanium-aluminium intermetallic 
compounds mixed with aluminium chloride and some residua! 
titanxum dxchloride. a description of various attempts 
nsxng aluminium together with a description of the 
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thermodynamics of the process are given by Murphy and Bing 
{High Temp. chem. Processes, vol 3, 365-374, 1594) 
Because of difficulties associated with gas phase 
reactions it has not been possible to produce titanium 
and/or titanium- aluminium compounds by direct 
aluminothermic reduction of titanium chlorides. 
Summary of the Invents™ 

in accordance with a first aspect, the present 
invention provides a method for the production of titanium 
compounds, comprising the steps of mixing a precursor 
material of titanium eubchloride with aluminium and 
heatxng the mixture to trigger reactions leading to the 
formataon of aluminium chlorides and titanium compounds 

Titanium, subchloride may include titanium trichloride 
and/or titanium dichloride. e 

Titanium compounds may include titanium alloys and/or 
tztamum/metal intermetallic compounds. 

Preferably, the titanium compounds may include 
titanium-aluminium alloy and/or titanium- aluminium 
intermetallxc compounds. 

Preferably, where titanium trichloride is used as the 

4.u m cnxorxae (TxCl*) . Preferably, the TiCl, is 
prepared by reduction of Ticl 4 Preferably, the reduction is 
aluminium or with hydrogen. iS 

. 1 Th !/ reCUr80r ™*Y delude titanium 

diochloride (TiCl a ) . 

favour^T^ ^ reaction conditions are arranged to 

^ reacti ™ to form the aluminium 

trichloride and titanium compounds, and reduce the reverse 
reactxon. Preferably, this is achieved by removing 
alumxnxum trichloride from a reaction sone where the 
aluminium and precursor material are reacting. 

T CUrS ° r maCerialB ™Y ***** other metals 
and/or metal halides and products may include titanium 
alloys or xntermetallic compounds. For example the 
precursor material may inaluaQ vadium subchlorides, such 



ellov ^ Intermetelll co^pounos tUM — — *- 
t i W T ^ niu ^— ~- - ^ude a 

etc) . end the product. * £JS' ' Zr ' B ' 

materiel of metal toua. wit T,, T*^" 9 • P™°ureor 

to a tempereturt ^T^k'S^ 
precureor material reacts wiM, »v. , tba 
=0 the formation „ t alumni £^ 

conditions to favour th.lL f^' ""-Hrtng the 

aluminium fcaUaTa^ """^ t0 «*- 

Preferably the^t ^ rW<!ra8 rBaotl °»- 
includes the step of ^7 lr l J^TT*™ wotio « conditio™ 
» from a reaction Lne *«1 , hali * ««r 

material are ^otiL aluminium end precursor 

aluminium helide facTiit^! re ° , ° Val ° £ tlM 

In accordance with a fh^^ 
Invention provides en enpLa^f!^ ' 
"*tal compound, comori!^ **" Jcoattatl ™ <* a 

reactionTonT^^rS * rWti0n *— * - 
5 helide is mi*« IT .7. !? 7 pMOU «« material of metal 

*» a te^ereture V s2fi a oW ^^T* ^ 
-eriel _te „ith the *Z^l 
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formation of aluminium halide and a product, and a first 
condensation zone arranged to be operated to a temperature 
such that the aluminium halide condenses in the first 
condensation zone. 

Preferably, the reaction vessel also includes a 
second condensation zone where a metal halide is arranged 
to condense Preferably, the metal halide may be provided 
back ante the reaction zone from the second condensation 
zone 



Preferably, the reaction zone operates at a 
temperature Tl and the first condensation zone at a 
temperature T2 which is lower than the temperature Tl 
The second condensation zone preferably operates at a 
temperature T3 which is between Tl and T2 

tltan ae PreCUrS ° r *ay be a material containing 

titanrum as a component. The precursor material 

dIctloSde. iaClUdeS tltaniUm trichl °^ ~*A~ titanium 

Preferably, where the precursor material includes 
titanium trichloride and where the apparatus includes a 

"is 122:2?°: r ne that ° p — ** *, 

trichWi? 7 2 ° 0C ' Where±n ~ Aluminium 

trichloride emanating from the reaction zone is condensed. 

Preferably, where the apparatus includes a second 
IT^TIT Z ° ne ' " 13 bel ° W S ° 0C Wh « e ^anium 

at ^"ecLrrr 19 fr ° m ^ "~ -condensed 

at the second condensation zone. Preferably the second 

condensation zone is located between the reaction zone and 
the first condensation zone. 

Preferably, the apparatus includes a heating 
arrangement for heating the precursor material 

IZIZTJ' C *7* aam Pr ° Vided «* Production of 
further gases for further reactions, openings mav also h. 
Provided to evacuate the vessel to a low preaaurT 

Preferably, the apparatus of this aspect of the 

"and* * B 1 tabl6 ^method of the 

first and second aspects of the invention discussed above. 
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In accordance with a fourth aspect, the present 
invention provides a method for the production of vanadium 
compounds, comprising the steps of mixing a precursor 
material of vanadium trichloride with aluminium and 
5 heating the mixture to trigger reactions leading to the 
formation of aluminium chlorides and vanadium compounds. 

The vanadium compounds may include vanadium-aluminium 
alloys and/or vanadium aluminium intermetallic complexes. 

In accordance with a fifth aspect, the present 
10 invention provides a method for the production of 

zirconium compounds, comprising the steps of mixing a 
precursor material including zirconium trichloride and 
aluminium and heating the mixture to trigger reactions 
leading to the formation of aluminium chlorides and 
IS zirconium compounds. 

The zirconium compounds may include zirconium- 
aluminium alloys and/or zirconium-aluminium intermetallic 
complexes . 

in accordance with a sixth aspect, the present 
invention provides a method for the production of titanium 
and/or titanium compounds, comprising the steps of mixing 
a precursor material including titanium tri -chloride with 
a reducing agent and heating the mixture to trigger 
reactions leading to the formation of chlorides and 
titanium and/or titanium compounds. 

in accordance with a seventh aspect, the present 
invention provides a method for the production of 
compounds of nickel aluminides, compriaing the steps of 
mixing the precursor material including nickel chlorides 
with aluminium and heating the mixture to trigger 
reactions leading to the formation of the alloys or the 
intermetallic compounds. Preferably, the nickel 
aluminides are Wi 3 Al, NiAl and NiAl 3 . 

35 Brief Description of the Drawl iv^ 

Features and advantages of the present invention will 
become apparent from the following description of 
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embodiments thereof, by way of example only, with 
reference to the accompanying drawings, in which* 

Figure l shows the Gibbs energy of formation of 
Alcl 3 (g), TiCl 3 and Tici 3 + Ti-Al; 
5 Figure 2 shows the total Gibbs free energy for 

reactions leading to formation of Ti -metal based 
compounds; 

Figure 3 illustrates the equilibrium composition of 
TiCl. - Hydrogen plasma at temperatures of between 300K and 
10 5000K; 

Figure 4 is a schematic diagram of an apparatus for 
implementing a process in accordance with an embodiment of 
the present invention; 

Figure S is a schematic diagram of a further 
embodiment of an apparatus for implementing a process in 
accordance with an embodiment of the present invention; 
Figure 6 is a schematic flow diagram showing 

production of Ti-Al powder from Tici 4 starting materials; 
anp ■ 
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Figure 7 illustrates the Gibbs free energy for half 
reactions leading to the formation of titanium- 
tetrachlozride . 

Description »f P referred Embodiments 

The following description is of preferred embodiments 
of processes for producing metal compounds, including fine 
powder and ingots with specif i 0 compositions. The 
processes are useful for production of forms of metals 
such as Ti, V, zr, Ni, together with alloys and 
xntermetallic compounds of these metals with a 
controllable amount of aluminium. For example, Ti-Al, 
TxaAl, TiAlg, Ti-Al-Cr and Ti-v-Al can be made with 
accurate various aluminium content. The relative amounts 
of titanium chlorides and aluminium are determined by the 
7JZ ^ ositi - of end product. The process i^one 
embodxment comprises the steps of preparing solid metal 
halides, mxxxng the halides with aluminium metal and 
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heating the mixture to a temperature Tl to trigger 
reactions leading to formation of aluminium chloride at a 
temperature (Tl) above the boiling temperature of 
aluminium chlorides and condensing the aluminium chlorides 
away from the reaction zone at a temperature T2, T2 being 
less than Tl. The driving of the aluminium chloride away 
from the reaction zone tilts the equilibrium of reaction 
xn the forward direction i.e. to formation of aluminium 
chloride and metal (and other products depending upon 
reaction conditions and components) . For titanium 
compounds, titanium subchlorides preferably titanium 
trichloride TiCl, is produced from a precursor material of 
Txci 4 , the xici 4 ifi mixed with aluminium and then heated to 
a temperature above 300C so that Aid, is formed in the gas 
phase and the A1C1, is condensed away from the reaction 
zone at a temperature below 200C1, leaving in the reaction 
zone a powder of Ti containing a percentage of aluminium 
as required for the end product. 

in one embodiment the process comprises the steps of 
heating a precursor material Tlci« in a plasma of argon- 
hydrogen mixtures to produce TiCl,, mixing the resulting 

trig' r°^r ^V™- then heating the mixtur! to 
trxgger the reaction. The reaction vessel should allow 
for aluminium chloride to be continuously removed ana 

titanium chloride and aluminium mixture. TiCl,. and 

powder 7 " ° r a 1UmP f — < *»* Preferably in a 

powder form, are mixed together in a vessel under inert 
gas or xn vacuum. The mixture is then heated to a 
temperature of several hundred degrees to trigger reaction 
between the two chemicals, leading to formation of 
Aid, s,). and the A1C1 3 is condensed elsewhere in the 
vessel at a temperature below 200C. 

steps of heating predetermined uj^^' ^^^^ 
^ aluminium to form Ticl 3 and A1C1„ heating the product 
mixture to a temperature above 300C and providing for Aid, 
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to be evaporated from the reaction ZO ne, driven away from 
the reaction and condensed away from the reaction zone at 
a temperature below 200C. adding further aluminium 
material to the product depending on the required 
composition, then heating the mixture under the same 
Physical conditions to a temperature above 300C to trigger 
chemical reactions leading to formation of AlCl 3 (g) whiL 

ZZTl ""I ^ A1C1 ' (9) t0 bS COTd — d elsewhie in the 
vessel at a temperature below 200c. 

overall reaction between titanium subchloriaes Tici 3 
and Al occur in the following form- 
TiCl3 + Al«Ti< S ) +A 1C1,( 3 ) ( +Tis9Rly) 
Where Al is i„ the so ii d or liquid phase. 
The presence of Ti and Al may lead formation of Ti-Al 
S AT. 1 C COR,P<:>Unds such TiAl,(s), TlAl(s) and 

tnffliV may — with aluminium according to 

the following simplified reactions: 

TiCl,( g)+ TiAl3(s> 2 Tijt Al y + ^ 

TxCl 3 (g )+ TiAl(s) «• 2 TijoM + m ( ' ' 

Reactions 1-4 are driven in the fo^rd direction by 
continuous removal of Ald 3 from the reaction zone As a 
xe-lt, equilibrium is tilted to the right aLThe* 
reactxon proceeds until completion. We find that the 

2 ™derT Sl ° Wly ^ fc «~«« ^^tly aoove 
be™ ar9 ° n atraos * he ~ 1 atm. The reaction 

becomes very rapid at temperatures above 500C as ^ Qibbs 

iT^Tl 0 ^ t0 :f ™- — -gati^set: 

Gibbs 1 V TiC1 ' +Ti ^" ««■ 2 shows the ^ 

Gibbs energy for reactions 1-4 lead™ ^ * 

aolid titanium. leadang to formation of 

alumin!r U th * "~ Btr ° n9 lnity befcw « en titanium and 
alumxnium, the presence of Al and Ti may result in 

L r erl t °: i L f tibaniUm - dl ^ nlum and/or 
xntermetallic compounds TiacAly. ta r 
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32teJ.mole _1 for all aluminium concentration up to 80% of 
the alloys (R.G.Reddy et al. J. Alloys and Compounds, vol 
321 (2001) 223) . 

Figure 2 shows the variation with temperature of the 
total Gihbs energy for reaction leading to formation of 
Alcl 3 (g) and Ti(s>, starting from TiCl 3 and Al. Also shown 
in Figure 2, the total Gihbs energy for reaction leading 
to formation of Ti(s) and AlCl 3 (g), starting from TiCl 3 and 
Ti-Al compounds. The total Gibbs free energy for Ti-AL is 
taken to be -32kJ.mole" 1 

It is usually considered that chemical reactions 
proceed rapidly for negative values of the total Gibba 
energy of the reaction, it is seen in Figure 2 that AG is 
negative at temperatures above BOOK (S25C) for reaction 1 
This is in excellent agreement with our observations 
showing rapid combustion reaction between Tici 3 and Al at a 
temperature of sooc, in argon at 1 atm. We find that hb 
the temperature of the mixture Tid,-Al increases above 
SOOC, a cloud of white fume moves from the reaction zone 
towards the cold region of the vessel where it reeondenses 
forming solid AlCl 3 . For reactions involving Ti-Al 
compounds, we find that in argon at 1 atm, reactions 
leading to formation of Ti(s) and TixAly (reactions 2, 3 
and 4) seem to proceed rapidly at temperatures above asoc 
Titanium chlorides may escape from the reaction zone 
or disproportionate during heating. Gaseous Tid 3 that may 
evaporate during the heating process reacts more readily 
with Al and further enhances formation of Ti compounds. 
For a mixture of Tici 3 and Al powder, with [Al]/CTici 3 > i 
we find that only small quantities of less than a few 
percent of TiCl 3 escapes the reaction zone, and it is 
recondensed in a region of the vessel at a temperature 
around 500K and Introduced back into the reaction zone, or 
alternatively collected for reprocessing. T1C12 that could 
be produced due to disproportionate reacts with Al 
compounds faster than TiCl a and enhanoes reactions leading 
to formation of Ticompounds. We find no evidence of major 
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losses due to escape of TiCl«, probably because TiCl« 
reacts with Tl leading to formation of Ticl a . Our 
experimental observations suggest that for production of 
titanium with a high aluminium content, dlspropotionation 
S reactions are of no significant impact on the efficiency 
of the process as we are able to account for most of the 
?i in the feedstock materials. For production of titanium 
with a low aluminium content, the initial amount of 
aluminium used is less than the stochiometric amount 

10 needed to remove all the chlorine from the T1C13 

materials. The excess titanium chloride remaining after 
depletion of available aluminium is evaporated from the 
product and condensed elsewhere for reprocessing. 

Production of Tici 3 can be carried out from TiCl 4 

15 using a hydrogen plasma route or through reduction with 

aluminium. Production of TiCl 3 in a hydrogen plasma, known 
as the Hual process has been used in industry for 
production of catalyst for several decades. Figure 3 
shows the composition of TiCl* -Hydrogen plasma at 

20 temperature between 300K and 5000K. xt is seen TiCl< can 
be converted into solid TiCl 3 by reacting it with hydrogen 
in a plasma. It is also seen that the conversion rate is 
almost 100%. The energy coat for synthesis of solid TiCl3 
xs very low as the overall reaction leading to TiCl 3 . 

25 TiCl«<g) + (l/2)H2 Cl 3 (e> + HCL with 
AH=50 KJ/mole. 

For reduction of Tici 4 with Aluminium, the process is 
usually carried out in closed vessel containing 
appropriate amounts of Ticl 4 and Al at a temperature above 
30 200C, leading to formation of a mixture of TiCl* and A1C1 3 
Pure TiCl 3 is obtained from the mixture by distillation at" 
temperature above 200C and allowing A1C1 3 to condense 
elsewhere . 

For the process disclosed here, production of 
35 titanium-aluminium compounds is made by mixing 

subchlorides, preferably Tid 3 , with aluminium in a powder 
form, placing the materials in a vessel under vacuum or 
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in an inert atmosphere and heating the mixture. For 
processing under flowing inert gas or ^ vacuum. Aid, 
formed due to reactions described above is driven into a 
different part of the vessel at a temperature below 200K 
The heating continues until the reactions proceed to 
completion or until complete depletion of available 
titanium subchlorides and/or aluminium 

Figure 4 shows a simple system used to make xi-Al 
compounds with different Al contents and compositions. 
For this configuration, a mixture of Tid 3 and Al, i, ia 

loTc Vea ! el 2 heated at a te "*>-*t~« higher than 

300 C Reactions between Tid3 and Al in vessel 2 lead to 
formation of gaseous A1C13. A stream of argon gas 10 
introduced in Vessel 2 carries the gaseous A1C13 together 
wxth any titanium chlorides that may escape fro m thf 

held T T 3 "* dr±V " S ^ ttew ^ h * ««* vessel 3 
t!ci 3 " te ^ rature betwe *» C and 500 c, so that 
T1C13 is recondensed while A1C13 remains in the gas phase 
Alternatively, Tici3 may be recondensed on the upper walls 
of vessel 2 if they are held at an appropriate 
temperature. The remaining A1C13 together with any T1C14 
that may have formed in the reaction zone due to 
disproportionate are driven through vessel 4 at a 
temperature higher than 13« c i~ 

A1C13 i« «, ^ I lower than 200 C bo that 

A1C13 la recondensed and the remaining T1C14 is driven 
into vessel 5 held at room temperature. The remaining 
argon gas is discharged out of the system or recycle! 

The xxCl, and an aluminium powder whose relative mass 

tZZZTj" Tl 3 ~ d ™ - ^ co^ositl™ 
TaZT* t P b ' ^ intro<auc ^ a vessel as 

c^e ' ~* ^ ^ ~" «- ~~ ^ 

the fJZ X 0 ?* B l P ** a * BS * a describ ^ product is in 

from Z f f P ° Wder ' ThS POWder -ay be discharged 
from the vessel at the completion of chemical reactions in 
the reaction sone for further processing. Alternative^ 
the powder may be further processed in- situ Zillion 
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of other materia!*. Alternatively the powder may be 
heated in- situ to make coarse grain powder, m a different 
embodiment the powder may be compacted and/or heated in- 
situ and then melted to produce ingot. 

In one embodiment of the process in accordance with 
the present invention, a precursor material is mixed with 
aluminium in a powder or lump form (preferably p QW der 
form) and heated to a temperature Tl. in this embodiment 
by raising the temperature of the container. The 
precursor material, namely TiCl 3 is in a powder form. The 
second precursor materials, namely aluminium, may be in 
the form of a liquid, or a lump solid or a powder (it is 
preferably in powder form,. The materials are place* in a 
container and heated to trigger reactions between the 
Alunanxum and the chlorine from the TiCl 3 compounds, xn 
th,s embodiment the products are in a powder form that Ly 
be ^charged out of the vessel or may be further react" 
with reagents, in a solid, liquid or gas form, in the form 
of other materials introduced in the reaction sons dur^T 
or after processing with aluminium. * 

need to ° f *» apparatus which can be 

used to prepare titanium- aluminium compounds in accordance 
with the present invention is illustrated in Figure 5 
The apparatus in this case is a simple vessel having 

side" I?!* o° ng WallS 2 °- ***** Portion 40 of the 

side walls 20 forms a first condensation zone at 

nor!^r ? " ^ COndenSation of A middie 

portion so of the side walls 20 forms a second 

condensation zone so at temperature T3 allowing for 

formed at the bottom of the container. 

Parameters influencing reaction^ in the reaction 
described above inciude the pressure in the reaction 

IZTl't the T*~T°* ° f ^ reaCti ° n Z ° ne and th « ^ain 
low ~ P ^ find that te nation under 

low pressure, a lower temperature is required to drive the 
reaction as Alci3 ±a 1--™^*^ «- ^ cne 

is romov ^ faster from the reaction zone 
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and Ticl, species become more volatile and M aoCiva 

ICSTT?" 'T" 003 Wlth thie a.o 

ZTll " ln \ yield ' t0 eS ° aps ° f voX^tUa titanium 

S product due to disproportlonation. ^ ^ * * 
reaction between Tlci, a™.* in ^ - 

of the Al oowdl? « depends strongly on the size 

of the Al powder grain. The reaction i a much f aat er for 
smaller grains and also the yield is higher. very f Zl 
aluminium powder recite in formation of a prodlcfof Tl 
10 Al compounds with very fine *,e, • , 

grain having irrecmlar ehi> naD 
Also , we have found that wit* , *™guiar shapes, 

.-h- mt with cheaper, less fine powders 

the production yield of titan-i,,™ twwaere, 

still high and the grL„ sl « ™ r T 7™* * 
to that for the starting « ^ r ^ " 

" oomooulT^'r °* Ti - M aX1 ° ye Md tetarmetalllc 
ng from a Tlci. feedstock materials as follows. 
Reduction or tin, ugigg 

Tiol. and aluminium metal in aaam-av»,~a ... 
introduced into a closed vessel tLT^ a "° UntS are 

The vassal is then heated ! ► ™ "" Mp,B "- 

form a m lxture oA^rlr^cir^Tci^/ 000 t0 
then extracted from m, • 3 * Tiie T±C1 * P°wder is 

» described ^ra ^^r^ 113 ' as 

aluminium i t r^ a^ro^sed J?" ^ — 
such aa deeeribed above JTZIZ Z T. ' SP "^' 

«* to produce Scl, . ^ £~ 
Plasma processing system may travel th t the 
separate Tiol, from the gaT straT ° " 1Cer t0 

>S powder is than mevad resulting Tlci, 

mi*ed with ar a ^ ! Proceaaing chamber where it i3 

on the LnTL^r t ■ a ~ aB 

• n ° £ the end Product v The Tici 3 
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powder is then mixed with aluminium and processed 

ITII^I T ^ aratUS SW * *« above in relation 

to Figure 4or Figure 5. At tha completion of the 
reaction, the materials can be discharged from the 
5 action vessel for use in manufacturing. Alternatively, 

Gases from the plasma system may be re-used after 
separation and cleaning. 
10 Figure 6 is a schematic diagram of a process for the 

Production of titanium aluminium compound powder from 

tiTT TT**"* Startin * ^--is, in accordance 
with an embodiment of the present invention. The process 
discloses how aluminium trichloride can be recycled to 
15 produce raw materials. recycled to 

TiCl 4 is reduced using aluminium or hydrogen as 
discussed above to Tid 3 (step i). m step \. T !ci, lfi 
reduced by aluminium in accordance with L embodimen, of 
the present invention to produce Ti-Al powderTand 
20 aluminium tetrachloride. 

The aluminium tetrachloride can be electrolv*^ - 
produce aluminium and chlorine or used for other 

25 r :r e ~~~~ 

aluminium raw material (step S) . 

Figure 7 shows the Gibbs free energy for the 
»0 reaction leadina to ai,,*^^ ^ Eor tne 

^rrrr tion - ^ ----- r n 

5 orod- m8 ?° a deBorlbad *»~ «y also be u«kj for 
^oduetion ot MtilB and metal alloy* by ^1 
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bromides, iodides and fluorides) and carry out the process 

and 17 T T ^ T1C1 - PW — zirconium 
and zirconium alloys may be produced using the same 

procedures described above for Ti and Xi alloys 
respectively. For zirconium-based products, the starting 
material is zirconium chloride, other examples of 

t^laT J? Wd USln9 ^ «*— ■* *~<= ee * i-lude 
-anadiu™ and its alloys and intermetallic compounds 
Furthermore, hydrides can ^ - ^ " 

, . , 7 QeB Can aleo be produced by heating the 

raaulting powder materials in the presence of hydrogen 
Also, the procesa described here can be used for 
production of nickel aluminidea Mfi3Al, NiA i and N1A13 and 
also zirconium aluminidea in a powder form 

but it T la v n K UM metal ^ bB PTOdUCed b * the above process 
IZalL Z I eXPene±Ve aS aluminium 

Powders may be retired, resulting in a high production 

The present process may be used for production of 

l^ll : e ° ntr0lle * **"icle of various 

compositions including compounds of pure metal oxid es 

nitrides of elements such as Ti v Z< / 03CideS ' 
j„„_^, , . , »s tx, v and zirconium as 

described above for titanium. Many otber materials >, 
produced by this chemical process be 

a «£r is::::: zrrv 3 r be ap ™ - 

the present invention '° SC ° P * of 
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TOE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS j 

1. A method for the production of titanium compounds, 
comprising the steps of mixing a precursor material of 
titanium trichloride and/or titanium diohloride (titanium 
aubchloride) with aluminium and heating the mixture to 
trigger reactions leading to the formation of aluminium 
chlorides and titanium compounds. 

lLr> aeeo ^ee with claim 1, comprising the 

step of arranging the conditions to favour a forward 

7*TJ2 ^ f" ^ * lumilllu ™ chlorides and titanium 
compounds, and reduce the reverse reaction. 

of a m ^!°l ln * cco *^ with claim 2, wherein the 8 tep 
of arranging the reaction conditions includes the step of 

S^ h rr nlUW Chl0rid ** ^ y f ~» * action *t? 

T A l^T nXUm - fc ~ial « reacting. 

A method xn accordance w-;»» ^-i^.,^ * * , ° 
_ , ^vv^wmcB wztft claxm 3, wherein the stan 

of arranging reaction conditions includes the step of * 
continuous removal of aluminiu. chloride from ^reaction 

claim/ f a ° COrdaac « any one of the preceding 

claims, comprising the step of preparing the titanium 
aubchloride precursor material £™ n-I « c "**»u™ 
(Tici 4 ) r ai £rom titanium chloride 

1 * ° d in a «o**ance in with claim 5, comprising 

ssr — — — * ^tioTof 

of Preparing With ^ wherein the step 

of Preparing titanium trichloride is carried out by 

T H I'" a PlaSWa ° r ^-^drogen mixturT 
8. A method in accordance with claim 6 or claim 7 

ch^ridt 1 * T ^ ° f alumin^ 

chloride produced by the reaction and utiliaing the 
aluminium chloride to produce TiCl 

proauo. TiCl.. UBed t0 " dUOe titMit ™ to 
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A method in accordance with any one of claims 2 to 9 
wherein the aluminium chloride is condensed away from the ' 
reaction zone at a lower temperature than the temperature 
of the reactante in the reaction zone. 

11. A method in accordance with any of the preceding 
claims, wherein any titanium subchloride one escaping the 
reaction zone is condensed at a temperature different from 
that ajti reaction zone. 

12. A mathod in accordance with claim 11, comprising the 
further step of returning the condensed titanium 
subchloride to the reaction zone. 

claim^ ln aCCOrd ^ ^ one of the preceding 

claims, wherein the precursor material includes vanadium 
suhchlorxdes, and a product of the reaction is an alit or 

xT e T^tLV 0mPleX im2lUdin * t±tatti - vanadium^ 
c^a™ T accordance with any one of the preceding 

TzTnZTl? ^ ^ fUrthCr SteP * f « reagent Z 

T TZLll reaCti0n t0 Pr0duCe * f ^her product. 

15. A method in accordance with any one of the preceding 

t^2'oT X : V h& PreCUrSOr material iS «*~* ^h a 
powder of reducing aluminium metal. 

16. A method in accordance with claim 13, wherein th« 
precursor material includes zirconium subcodes and a 

™x f r:." aCti0a 18 ^ * lloy - intermetallic 
complex including zirconium and vanadium. 

c^risCSe llZTT^^^^ °°"*°™*°> 
TXCJU in r bating a precursor material of 

T1C1 4 in a plasma argon- hydrogen mixture to produce Tici, 

mixture ^ Produce titanium-aluminium compounds and Ld 3 . 
cLrisina ^ ! ^ due ^ titanium- aluminium compounds 

T^an™, r ° f heatlng TiC1 * aad aWnium f orm 

tnnn th * to a temperature 

above 300C and providina for- mm fc v 
the reaction *Z II? Cl * t0 be eva P<>**ed from 

tne reaction zone, adding further aluminium to the 
mixture, and heating the mixture ^ » -~ 
400C to l-»d «.„ , . mixture to a temperature above 

to lead to formation of Alcl, and titanium-aluminium 
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compounds . 

19. An apparatus for the production of a metal compound 
comprising a reaction vessel including a reaction zone 
within which a precursor material of metal halide is mixed 
with aluminium, the mixture being heated to a temperature 
sufficient such that the precursor material reacts with 
the aluminium to result in the formation of aluminium 
halide and a product, and a first condensation zone 
arranged to be operated to a temperature such that the 
aluminium halide condenses in the first condensation zone 
20 .An apparatus in accordance with claim i 8 , also 

J^J^T* aeC ° nd conde ^* fci o» arranged to condense 

metal halide escaping the reaction mixture. 

cL e »t!^ PParatUS ** accC,rdance ollm », the second 

condensation zone being arranged to return condensed metal 
halide to the reaction zone. 

22. A method for the production of a metal compound, 

mZi t "V he . StePS ° f ttdXin9 a Pracur a ~ ™tenal of 
metal halide wxth aluminium and heating the mixture to a 
temperature sufficient such that the precursor material 
reacts wxth the aluminium, resulting in the formation of 

tneT r idB ' ^ arrangin9 thS ™<"tioas to favour 
the forward reaction to form the aluminium halide and 
reduce the reverse reaction. 

step of r^V 11 a : COrdance -^im 22, wherein the 

step of arranging the reaction conditions includes the 

whereof 119 halide away from a reaction zone 

24 A metnT ^ PreCUrSW Waterial « -acting, 

where^ T ? Claim 22 or claim 23 

D t" " *T ^ hallde i- ^^nium tri-chloride, and a 
product of the reaction includes titanium-aluminium 

25. A method Cox the production of vanadium and/ar 
vanadium ccmcounda, comprising the , t of 

^r 1 " 1 ° £ VtmadlUm — with aluminium 
and heating tha Mixture to trigger raaotiona leading to 
the Coition of aluminium halidee and vanadium 
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vanadium compounds - 

26. A method for the production of zirconium and/or 
zirconium compounds, comprising the steps of mixing the 
precursor material of zirconium subhalide with aluminium 
and heating the mixture to trigger reactions leading to 
the formation of aluminium halide and zirconium and/or 
zirconium aompounds. 

27. A method for the production of titanium and/or 
titanium compounds, comprising the steps of mixing a 
precursor material including titanium tri-chloride with a 
reducing agent and heating the mixture to trigger 
reactions leading to the formation of chlorides and 
titanium and/or titanium compounds. 

28. a method for producing Ti-Al compounds comprising 
the step, of heating Ticl4 and Al powder at temperatures 
higher than 300 C under flowing conditions, followed by 
reactions between TiCl 3 and the remaining Al leading to 
formation of Ti-Al compounds. 

29. A method for production of a powder of titanium- 
aluminium intermetallic compounds Ti3Al, TiAl and TlAl3 
and alloys based on titanium- aluminium interme tallies 
according to any one of claims 1 to 18 wherein the 

pow^r" 9 inaterialS inClUdC Chl0rid * and 

30- A method for production of a powdered alloys of xi- 

sta^L ! " ' ' ^ *' **' Si ' etc) ' ^ 
starting materials include chloride* or pow ders of X 
ana/or Y« 

31 a method for the production of a powder of titanium- 
aluminium-vanadium alloys, wherein the starting materials 
xnclude titanium chloride and aluminium powder 

Dated this 21st day of November 2003 
pOMMONWEftLTO SCTEaSTIFIC AjjP ATRIAL Rggg^ 

ORGANISATIOKT 

By their Patent Attorneys 
GRIFFITH HACK 
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Figure Is Gibbs energy of formation for AlCBfe), X1CI3 and TIC13-WI-A1. 
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